ABSTRACT We present the results of a 2 yr long optical monitoring program of the narrow-line Seyfert 1 galaxy Ark 564. The majority of this monitoring project was also covered by X-ray observations (RXT E), and for a period of D50 days, we observed the galaxy in UV (HST ) and X-rays (RXT E and ASCA) simultaneously with the ground-based observations. Rapid and large-amplitude variations seen in the X-ray band, on a daily and hourly timescale, were not detected at optical and UV wavelengths, which in turn exhibited much lower variability either on short (1 day) or long (several months) timescales. The only signiÐcant optical variations can be described as two 2È4 day events with D10% Ñux variations. We detect no signiÐcant optical line variations and thus cannot infer a reverberation size for the broad-line region. Similarly, the large X-ray variations seem to vanish when the light curve is smoothed over a period of 30 days. The UV continuum follows the X-rays with a lag of D0.4 days, and the optical band lags the UV band by D2 days. No signiÐcant correlation was found between the entire X-ray data set and the optical band. Focusing on a 20 day interval around the strongest optical event we detect a signiÐcant X-rayÈoptical correlation with similar events seen in the UV and X-rays. Our data are consistent with reprocessing models on the grounds of the energy emitted in this single event. However, several large X-ray Ñares produced no corresponding optical emission.
INTRODUCTION
Narrow-line Seyfert 1 galaxies (NLS1) are a subclass of type 1 Seyfert galaxies deÐned by their extremely narrow optical permitted emission lines km s~1) (FWHM [ 2000 in comparison with normal broad-line active galactic nuclei (AGNs ; Osterbrock & Pogge 1985) . They show extreme AGN properties ; their UV/optical emission lines put them at one extreme end of the Boroson & Green (1992) primary eigenvector, and they tend to display unusual behavior in other wave bands, especially in the X-rays. A summary of the properties of NLS1s can be found in Boller, Brandt, & Fink (1996) and Taniguchi, Murayama, & Nagao (1999) .
A possible explanation for the narrower emission lines is that NLS1s have relatively low black hole (BH) masses for their luminosity but high accretion rates. The broad-line region (BLR) gas location is governed by the luminosity, and the small is responsible for the smaller Keplerian M BH velocities at that location. This hypothesis can be checked observationally by applying reverberation mapping techniques to narrow-line AGNs, as has been done during the past few years for many AGNs. (Kaspi et al. 2000 ; Peterson et al. 2000) . These Ðve objects seem to have smaller than other broad-line AGNs with similar M BH luminosity (see Fig. 7 of Peterson et al. 200018) , although the statistics are rather poor. Increasing these statistics is a primary goal of this study.
The well-known NLS1 galaxy Arakelian 564 (z \ 0.0247) is a suitable candidate for a continuous monitoring campaign of this kind. It is one of the brightest NLS1s in X-rays, lies conveniently at a moderate northern declination, and displays many of the extreme properties of the NLS1 class, i.e., FWHM(Hb) \ 700 km s~1, strong Fe II lines, a steep soft X-ray continuum, and a large soft X-ray excess variance (Turner et al. 1999a ). This last property seems to be very common among NLS1s, which show persistent largeamplitude and rapid variability at soft X-ray energies (for an extreme example see the NLS1 galaxy IRAS 13224[3809 where the amplitude of variation reaches a factor of D100 in the X-ray Ñux ; Boller et al. 1997) . The nature of these rapid and large-amplitude X-ray variations remains a puzzle, and attempts have been made to detect a manifestation of this activity in other bands, mainly in optical wavelengths. The Ark 564 optical monitoring campaign was conducted simultaneously during 1999 with RXT E and during 2000 with Hubble Space T elescope (HST ; in the UV), RXT E, and ASCA in order to study the relation between the X-ray, UV, and optical variations and to obtain a BH mass for the galaxy using reverberation mapping techniques.
In this paper (Paper III of the series) we present the results of the optical observations of Ark 564 and compare them to the simultaneous X-ray and UV campaigns. The RXT E observations are described by Pounds et al. (2001) .
18 Two out of seven objects that appear in their analysis, PG 1351]640 and PG 1704]608, have very peculiar lines, formed by a very broad base with a strong superposed narrower core that results in a low FWHM and therefore cannot be considered as NLS1s ; see Stirpe (1990) and Boroson & Green (1992) .
The ASCA and HST observations are described in the accompanying papers by Turner et al. (2001, hereafter Paper I) and Collier et al. (2001, hereafter Paper II) . Section 2 presents the ground-based observations and the data reductions. In°3 we discuss the implications of our results on the nature of NLS1s and on the opticalÈUVÈX-ray connection in AGNs in general. In°4 we present the conclusions. Table 1 lists the contribution of optical data points by the various observatories. Light curves of the broadband magnitudes and of the narrow spectral bands, with spectral regions marked on Figure 1 , are publicly available in ASCII format at the AGN Watch19 web page.
Reduction of the data was carried out in the standard way using IRAF20 with its DAOPHOT package for the aperture photometry and its SPECRED, ONEDSPEC, and TWODSPEC packages for the spectroscopic data. Most of the following reduction procedures and methods were described in detail by earlier AGN Watch campaigns (e.g., Kaspi et al. 1996) , and we will repeat them only brieÑy along with the proper references.
Most of the data presented in this paper were obtained at the WO, which deÐnes the reference data set. All other data 19 All publicly available data and complete references to published AGN Watch papers can be found at http ://www.astronomy.ohiostate.edu/D agnwatch.
20 IRAF (Image Reduction and Analysis Facility) is distributed by the National Optical Astronomy Observatories, which are operated by AURA, Inc., under cooperative agreement with the National Science Foundation. sets were intercalibrated to the WO data. The spectrophotometric calibration of Ark 564 at the WO is based on observing a nearby comparison star simultaneously with the object of interest in the spectrographÏs wide slit (see Kaspi et al. 2000) . Each spectroscopic observation at the WO consisted of two 45È60 minute exposures of Ark 564 and its comparison star. The consecutive galaxy/star Ñux ratio spectra were compared to test for systematic errors in the observations and to reject cosmic rays. We discarded pairs of data points with ratios larger than D10% and veriÐed that the comparison star is nonvariable to within D2% by means of di †erential photometry of other stars in the Ðeld (see below). The spectra were calibrated to an absolute Ñux scale by multiplying each galaxy/star Ñux ratio spectrum by a Ñux-calibrated spectrum of the comparison star taken on 1999 January 11, using spectrophotometric standard stars. The absolute Ñux calibration has an uncertainty of D10%, which is not shown in the error bars of our light curves. The error bars reÑect only the relative uncertainties, which are on the order of 2%È3%. In the case of the Hb light curve, we assigned to the error bars a Ðxed relative uncertainty that equals the uncertainty in the Ñux measurements of the [O III] j5007 line (given below) owing to the spectral proximity and similar Ñuxes of the two lines.
Absolute Ñux calibration of the MDM and CAO spectra was performed by use of spectrophotometric standard stars that were observed each night. The absolute calibration of these spectra was reÐned by scaling each spectrum to a constant [O III] j5007 Ñux of (2.4^0.1) ] 10~13 ergs s~1 cm~2, which is the mean [O III] j5007 Ñux measured from the WO spectra. The scaling adjustments to each spectrum were made by using the algorithm of van Groningen & Wanders (1992) .
Next, we compared the independent MDM and CAO light curves to the WO light curve in order to identify small systematic Ñux di †erences between these data sets (see Peterson et al. 2000 and references therein). We attribute these small relative Ñux o †sets to aperture e †ects, although the procedure we use also corrects for other unidentiÐed systematic di †erences between data sets. We deÐne a pointsource correction factor r by the equation
where is the reference Ñux measured for the WO F(Hb) WO spectra. This factor accounts for the fact that di †erent apertures result in di †erent amounts of light loss for the pointspread function (PSF, which describes the light distribution of the pointlike continuum and the broad lines) and the partially extended narrow-line region.
After correcting for aperture e †ects, another correction needs to be applied to adjust for the di †erent amounts of starlight admitted by di †erent apertures. An extended source correction G is thus deÐned as
The value of G is essentially the nominal di †erence in the contaminating host galaxy Ñux between the two spectrograph entrance apertures employed. This intercalibration procedure is accomplished by comparing pairs of simultaneous observations from each of the MDM/CAO data sets to that of the WO data set. Since no pairs of WO and MDM/CAO spectra were taken simultaneously, but only with a di †erence of D0.5 day, we used the interpolation method on the WO data, described by Kaspi et al. (1996) , in order to simulate simultaneous pairs. Finally, each MDM/CAO spectrum was multiplied by the average r, and an average G was subtracted from the resultant spectrum (r and G were averaged among all the close-in-time pairs). The intercalibration constants, r and G, for each data set are listed in Table 2 . In order to estimate the Ñux of the AGN component in our spectra, we separated the host galaxy starlight contribution from the nuclear component by measuring its Ñux through PSF Ðtting to Ðeld stars in V -band images of the galaxy taken at WO. The subtraction of those PSFs from the images allowed us to Ðnd that the host galaxy contributes D40% to the total light at 5200 This is a crude A . estimate, since our limited resolution, governed by a seeing disk of about does not allow us to separate the various 2A .5, components of the host galaxy, such as a bulge and bar, from the PSF. A constant host contribution of 2.4 ] 10~15 ergs s~1 cm~2 was then subtracted from each of the A ~1 continuum light curves, thus increasing their relative Ñux uncertainties to the order of D5% (see Figs. 2 and 3) .
Photometric data sets for each observatory (except for the Loiano, Skinakas, and Nebraska data sets) and each Ðlter were obtained using the WO DAOSTAT photometric analysis program that converted raw IRAF magnitudes of Ark 564 to instrumental magnitudes, relative to a set of reference stars in the galaxyÏs Ðeld (Netzer et al. 1996) . The Loiano data set was reduced separately using the IRAF APPHOT package to measure integrated Ñuxes for Ark 564 and about 30 Ðeld stars. The magnitudes of the stars were used to determine the instrumental magnitudes of the galaxy. The instrumental magnitudes of the Skinakas observations were transformed to the standard system through observations of standard stars from Landolt (1992) during the last 4 days of their observing run. These observations established a photometric sequence of three reference stars in the Ðeld of Ark 564 (Table 3) that was used to transform instrumental magnitudes to the standard system. The Skinakas photometric sequence also enabled transformation of the instrumental magnitudes of Ark 564 from all the other data sets into apparent magnitudes.
3. DISCUSSION 3.1. Optical and X-Ray V ariability One of the major goals of this study was to measure the mass of the central BH in Ark 564, which is obtained by cross-correlating continuum and emission-line light curves. Unfortunately, throughout the campaign we found no signiÐcant correlation between the continuum and the emission lines. This can be attributed to the fact that Hb exhibited only minor variability (D3%) and that Ha did not vary signiÐcantly.
The fractional variability amplitude is deÐned as F var
where S2 is the total variance of the light curve, is the p err 2 mean error squared, and SXT2 is the mean Ñux squared. This deÐnition is identical to the frequently used excess variance (Turner et al. 1999a) . The uncertainty of is p rms Table 4 lists values calculated for the optical light F var curves, and for two X-ray data sets : ASCA 0.7È1.3 keV (Paper I) and RXT E 2È10 keV . Although depends on the number of data points F var (equivalent to the length of an observation), it is still possible to compare the excess variance of the X-ray and optical data sets in 1999 and in 2000, since they have roughly the same size. The derived value of for the F var X-rays is about 50% larger than the previously reported value (Turner, George, & Netzer 1999b ; see also Paper I). The calculated for the optical bands is an order of F var magnitude smaller than that of the X-rays. By inspection of Figures 2 and 3 and Table 4 it is apparent that the optical light curves, both line and continua, show negligible variations. At the same time, the X-rays vary rapidly with Ñux variations as large as 100% throughout the entire monitoring period (see Pounds et al. 2001 and Paper I) . The 1999 optical observations show very little (D3%) continuum and line variations compared with typical Seyfert 1 galaxies (D10%) on similar timescales (e.g., Kaspi et al. 1996 ; Maoz, Edelson, & Nandra 2000) . In 2000 the longer timescale (several weeks) optical variability continued the 1999 trend ; however, large-amplitude (D10%) variability on a D1 day timescale is also observed. The optical variations in 2000 can be further compared with the simultaneous UV variations (Paper II), which show a similar trend although with continuum amplitudes almost a factor of 2 larger.
X-Ray and UV /Optical
Correlations To derive the cross-correlation function (CCF) between the X-rays (assumed to be the driving light curves) and the UV (from Paper II) and optical continua (assumed to be the responding light curves) we utilized the interpolated CCF (ICCF) method (Gaskell & Sparke 1986 , as implemented by White & Peterson 1994) , and the Z-transformed discrete correlation function (ZDCF) method (Alexander 1997) . The uncertainties on the lags were estimated using the Ñux randomization/random subset selection (FR/RSS) method (Peterson et al. 1998) .
As evident in Paper I, the X-rays are signiÐcantly correlated with the UV continuum that follows them with a lag of D0.4 days. We Ðnd a similar relation between the soft X-ray (0.7È1.3 keV from ASCA ; Paper I) and hard X-ray bands (2È10 keV from RXT E ; Pounds et al. 2001 ) and the UV continuum. Figure 4 shows the CCFs between the two X-ray bands and the continuum at 1365 as well as the A computed lags and their uncertainties. Both lags are consis- tent with being larger than zero to at least 68% conÐdence according to the FR/RSS method.
We have not found any signiÐcant correlation between the X-rays and the optical band by correlating the entire data sets (Fig. 4c) . However, there is an indication that one pronounced event, seen in the X-ray light curves of both RXT E and ASCA, is also observed in the optical band. This event is clearly seen in Figure 5 as a rise in both the X-ray and optical light curves at JD B 2,451,707, peaks at JD B 2,451,710 (JD B 2,451,713) in X-ray (optical), and then declines rapidly in the X-rays, but more slowly in the optical band. This same pattern is also seen in the simultaneous UV light curves of Ark 564 ( Fig. 5c ; Paper II) . Figure  4d shows that when the X-ray and optical narrowband light curves are truncated to D^10 days around the peak of this event, a highly signiÐcant correlation, r \ 0.69, arises with a lag of days. We emphasize that other events 1.8~0 .7 0.8 that are seen in the X-ray light curves, with similar amplitudes, have no detected counterparts in the optical band.
The photometric broadband data sets were also crosscorrelated with the X-rays and UV continua. The results are consistent with those derived with the spectral narrow bands, although the correlations are less signiÐcant. In particular, the relatively dense photometric sampling around the optical event, dominated by the Skinakas data set, shows a D1.5 day lag of the optical band relative to the X-rays. Except for the case of this single event, we found no correlation between the optical broad bands and the X-rays.
Reprocessing Models
As described in°3.1, the rapid X-ray variations are not detected in the optical and UV bands. A similar relation between the X-rays and the optical band in AGNs, i.e., selective response or no response at all of the optical band to the rapid X-ray variations, was recently reported for NGC 3516 and previously reported for two NLS1s : NGC 4051 (Done et al. 1990 ) and IRAS 13224[3809 (Young et al. 1999) , although for the latter, signiÐcant optical variations of hourly timescale were independently found (Miller et al. 2000) . However, one event is observed in the light curves of all the bands covered by our campaign. As described in°3.2, this event appears as a large-amplitude X-ray Ñare (factor of 3) that rises and declines on a timescale of D0.5 days, while in the UV and optical bands this Ñare smears to a small bump on a timescale of a few days with a much smaller amplitude ([10% change in Ñux).
Motivated by the single event, we checked whether our data are consistent with reprocessing models in the following ways by (1) measuring the energy carried by the event across the spectrum and (2) comparing the mean energy contained in the 2È10 keV and the 0.7È1.3 keV bands with that contained in the 1365È6900 band. We corrected the A observed UV/optical spectrum of Ark 564 for Galactic extinction by applying a standard extinction law (Cardelli, Clayton, & Mathis 1989) in j~1 that vanishes at inÐnite wavelength ; in this case mag. This way we obtained two di †erent values A B \ 0.698 for the energy of the UV/optical single event and for the mean Ñux in that band : one that is corrected for standard Galactic extinction and the second that also takes into account the e †ects of intrinsic reddening. We estimated the energy possessed by the event in each band by approximating its temporal proÐle to a triangular shape and integrating over time. The mean X-ray Ñuxes and energy indices were taken from Paper I, and the mean UV Ñuxes of Paper II were used. For km s~1Mpc~1 and the H 0 \ 75 q 0 \ 0.5, energy output during the event reached some 1048 ergs in each of the hard X-ray (2È10 keV), soft X-ray (0.7È1.3 keV) and UV/optical (1365È6900 bands, corrected for Galac-A ) tic extinction. When corrected for Galactic extinction, the mean Ñux radiated in the 1365È6900 band is A D 4 ] 10~11 ergs s~1 cm~2 and is comparable to the mean Ñux in the 0.7È1.3 keV and in the 2È10 keV X-ray bands. On the other hand, the UV/optical (1365È6900 Ñux increases A ) by almost a factor of 4 when intrinsic reddening is taken into account.
Energy considerations suggest that the case of the X-rayÈ UVÈoptical event of JD B 2,451,710, corrected only for Galactic extinction, is consistent with reprocessing models. In such models it is assumed that the X-rays and the UV/ optical band are strongly coupled, since an X-ray continuum source irradiates a relatively dense and cool absorbing medium, and the energy of the absorbed X-rays is then reradiated at longer wavelengths. However, when the UV/ optical band is corrected for intrinsic reddening, the mean Ñux in that band is larger than the combined Ñux in the 0.7È1.3 and 2È10 keV X-ray bands by a factor of 2, implying that there is not enough X-ray energy to account for the intrinsic UV/optical single event and mean Ñux. Obviously, the above numbers depend, to a large extent, on the exact energy range considered for the seed photons. Therefore, the reprocessing interpretation of the single event should be considered with caution, depending on the participating energy ranges as well as on the properties and geometry of the intrinsic extinction.
Our data imply that it takes an X-ray pulse that covers D0.4 days in time D0.4 days to appear in the UV band and then, D2 days later on, to appear in the optical band as well. In both the UV and optical light curves, this pulse extends to a timescale of about 4 days. A simple interpretation of this scenario suggests that the region from which the variable portion of the UV/optical Ñux is emitted has a size of about 4 lt-days and is 0.4È2 lt-days distant from the X-ray source. The inferred minimal distance of 0.4 lt-days, corresponding to the delayed UV response (with respect to the X-rays), can be compared with various theoretical size estimates. For a thin accretion disk, most of the UV Ñux is emitted within D30
(gravitational radii). Comparing the R g two suggests more than an order of magni-M BH Z 108 M _ , tude larger than the 107 estimate of Pounds et al. M _ (2001) , which is based on a power density spectrum (PDS) analysis. Thus, the size of the reprocessing region is much larger than the size of the internally produced UV radiation, which is what we expect. Mass estimates based on slim accretion disk models, perhaps more appropriate to the case of NLS1s, are in closer agreement with the estimate, since they are associated with higher temperatures and larger UV-emitting regions (Abramowicz et al. 1988 ; Mineshige et al. 2000) .
The main difficulty with the reprocessing scenario is the observational evidence that, at most times, the bulk of the optical emission does not respond to the X-ray variations, which occur mainly on very short timescales day). It ([1 has been suggested that the physical nature of the rapid X-ray variations is associated with localized Ñaring activity (Stern et al. 1995) . Such X-ray activity may arise in the corona above the accretion disk. Alternatively, this activity may be a consequence of relativistic boosting as described by Young et al. (1999) and Boller et al. (1997) , such that the X-rays always have a boost factor that is many times larger than the optical boost factor. The Ñaring activity may also be associated with the disk itself, where magnetic Ñares produce large Ñuctuations in magnetic Ðeld energy release (Mineshige et al. 2000 and references therein). These explanations are consistent with the case of Ark 564 because of the absence of an X-rayÈoptical correlation, except for the single event. In this case there might be multiple continuum regions that do not all participate in the reprocessing, perhaps owing to unusual geometry.
There is growing evidence that the key to the relationship between the optical and X-ray bands lies in the longer timescales, i.e., months to years. A possible 100 day lag of the X-rays over the optical band (leading band) for NGC 3516 was recently reported by Maoz et al. (2000) , who suggested that the X-rays are possibly emitted by two di †erent components/mechanisms, where one is exhibiting short timescale behavior (i.e., the Ñaring activity) that is not reÑec-ted in the optical band, while the other exhibits long timescale variations, which are possibly correlated with the optical band. A similar case applies for NGC 4051 (Peterson et al. 2000) , where the long timescale variations of both the X-ray and optical bands are seen to be correlated, although with zero lag. In order to look for large timescale trends in the X-ray light curves, we smoothed the RXT E X-ray data with boxcars ranging from 10 to 30 days, similar to what was done for NGC 4051 (Peterson et al. 2000) and for NGC 3516 . The rapid X-ray variations are suppressed to D30% when a smoothing boxcar of 20 days is applied and almost disappear when a boxcar of 30 days is used (see Fig. 6 ). This behavior is also reÑected in the PDS of the X-ray variations recently calculated by Pounds et al. (2001) . These authors report that the turnover frequency in the PDS corresponds to D13 days, which implies that most of the X-ray variability of Ark 564 occurs on the order of these timescales or smaller. The results presented in this paper show that for Ark 564, on a long timescale (months to years) during this campaign, both the X-rays and the optical bands did not vary.
CONCLUSIONS
This paper reports the results of the optical monitoring campaign on the NLS1 galaxy Ark 564. During this campaign Ark 564 was observed in X-rays with RXT E continuously with a varying sampling rate from 1999 January 1 until 2000 September 19, and with ASCA continuously from 2000 June 1 until 2000 July 5. The optical observations were made in the 1998È1999, 1999È2000, and 2000È2001 seasons with sampling rates varying from once a week to twice a day. In 2000 MayÈJuly, Ark 564 was also observed in the UV with HST , with a sampling rate of D1 day. Our observational results are incorporated with some of the main Ðndings of Turner et al. (2001) and Collier et al. (2001) to produce a complete multiwavelength picture that emerges from this campaign, as follows :
1. The very strong (a factor of 2È3 peak-to-peak) and rapid day) X-ray variations that characterize NLS1s ([1 are also seen in Ark 564. The mean X-ray Ñux was basically constant on timescales larger than D30 days, similar to the mean UV and optical Ñux.
2. Most emission lines did not show any signiÐcant variation. Lya and N V j1240 exhibit at most D7% fullrange Ñux variations, mainly during two short occasions. This prevented us from measuring accurately the broad-line region size and the central black hole mass. However, there is evidence for correlated LyaÈcontinuum variability that is consistent with days lag and can be used to derive a [3 mass estimate of [ 8 ] 106 M _ . 3. The total Ñux in the soft X-ray band is well correlated with the hard X-ray Ñux, with zero lag.
4. The UV continuum follows the X-rays with a lag of D0.4 days.
5. The detected wavelength-dependent UV/optical continuum time delays can be considered as evidence of a stratiÐed continuum reprocessing region, possibly an accretion disk structure. The 4900 continuum band lags the 1365 A A continuum by D1.8 days.
6. The optical continuum is not signiÐcantly correlated with the X-rays. However, focusing on a 20 day period around the largest optical event gives a signiÐcant correlation with a lag of D2 days.
7. Our data are consistent with reprocessing models on the grounds of a single Ñare that was observed in all wavelengths. However, other X-ray Ñares do not produce corresponding UV/optical continuum emissions.
